Two different missense mutations, p.D572N and p.D572H, affecting the same nucleotide and codon of the TMC1 gene were earlier reported to cause autosomal dominant hearing impairment at locus DFNA36 in two North American families. No other dominant mutations of human TMC1 have been published. We ascertained a third North American family segregating autosomal dominant nonsyndromic hearing impairment at the DFNA36 locus. We identified the p.D572N mutation of TMC1 co-segregating with hearing loss in our study family. A comparative haplotype analysis of linked single nucleotide polymorphisms and short tandem repeats in the two families segregating p.D572N was not consistent with a founder effect. These findings can be explained in two ways. Either nucleotide 1714 is a hot spot for mutations or, alternatively, missense mutations at this site confer a specific pathogenic gain-of-function or dominant-negative effect.
INTRODUCTION
Hearing impairment is a very common sensory disorder, affecting one out of 650 newborns. 1 Forty-six genes have been found for nonsyndromic hearing loss, one of which is transmembrane channel-like gene 1 (TMC1). TMC1 mutations cause nonsyndromic autosomal dominant and recessive hearing loss at the DFNA36 and DFNB7/11 loci, respectively. Two mouse mutations have been identified in Tmc1: the dominant Beethoven (Bth) mutation and the recessive deafness (dn) mutation. 2, 3 The hearing loss and hair cell loss phenotype of heterozygous Beethoven mice is modified by distinct loci, depending on the genetic background of these mice. 4 The gene encodes a transmembrane protein that may be involved in the functional maturation of cochlear hair cells. 5 The two known dominant TMC1 mutations, c.1714G4A and c.1714G4C, affect the same nucleotide and are predicted to encode the amino acid missense substitutions p.D572N and p.D572H, respectively. 3, 6 In this study, we ascertained a third North American Caucasian family H segregating autosomal dominant hearing loss caused by the c.1714G4A (p.D572N) mutation of TMC1. Recurrent mutations have been reported in several other deafness genes and can be the result of a mutational hot spot, as is the case for mutation W276S in KCNQ4 and mutations in the mitochondrial tRNA Ser(UCN) gene. 7, 8 In other cases, the mutations have a common founder, as has been proven for the GJB2 mutations 35delG and 235delC. 9, 10 We investigated the origin of the recurrent TMC1 mutation p.D572N by comparative haplotype analysis of family H and the earlier reported family segregating p.D572N. The length (bp) of the repeat is given for each STR marker (source: GDB human genome database). The mutation at position 1714 is given as a reference. Table 1 ). The frequencies of repeat lengths for STR markers were obtained Figure 1 Pedigree of family H co-segregating nonsyndromic autosomal dominant hearing loss (filled symbols) with STR markers at the DFNA36 locus. STR haplotypes are shown with the linked haplotype in boxes. In the maternal haplotype of individual III:7, a recombination is present between markers D9S769 and D9S152. Individual IV:6 has been reported as unaffected but carries the linked haplotype, indicating reduced penetrance.
MATERIALS AND METHODS

Phenotype analysis
Amino acid 572 in TMC1 N Hilgert et al from the GDB human genome database (www.gdb.org). The allele frequencies of SNPs were obtained from the Hapmap (www.hapmap.org).
All coding and non-coding exons of TMC1 were PCR-amplified and sequenced using an ABI 3130 automated DNA sequencer (Applied Biosystems). Figure 1 shows the pedigree of family H with autosomal dominant inheritance of nonsyndromic, postlingual-onset hearing loss. Fifteen members of the family participated, of which eight were classified as affected. Hearing loss was anamnestically reported to start during the first decade to initially affect the mid and high frequencies, followed by rapid progression to severe-to-profound levels, also affecting the low frequencies. This phenotype is consistent with the phenotype reported for DFNA36. 6, 13 Family H genotype A genome-wide scan showed linkage to STR markers on chromosome 9q, a region overlapping the DFNA36 locus. The genotypes of additional STR markers confirmed linkage at this locus ( Figure 1) . One of the unaffected individuals, IV:6, did carry the linked haplotype, indicating reduced penetrance of the hearing loss in the family. Therefore, the maximum two-point LOD score was 1.99 for marker D9S152. The maximal multipoint LOD score was 3.2, indicating significant linkage. DNA sequencing of TMC1 detected heterozygosity for the published missense mutation c.1714G4A in all affected family members and in individual IV:6, but not in other unaffected individuals. This nucleotide change causes the amino acid substitution p.D572N, which had been identified in the original DFNA36 family, LMG128. 3 We were unable to detect the mutation either in 118 Belgian control samples or in 159 US Caucasian control samples.
RESULTS
Family H phenotype
Haplotype comparison of families H and LMG128
To determine whether the p.D572N mutation segregating in families H and LMG128 with mutation 1714G4A was derived from a common founder, we compared their linked haplotypes of STR markers and SNPs (Table 1 and Supplementary Table 1 ). All of the tested microsatellite markers had different p.D572N-linked alleles between the two families. In addition, four SNPs spanning either side of the mutation also had different linked alleles, whereas all other SNPs were uninformative.
DISCUSSION
In total, three families with hearing loss at locus DFNA36 have been reported, all having a nucleotide change at position 1714 of TMC1. In families LMG128 and H, mutation c.1714G4A is present, whereas in family LMG248, the nucleotide change is c.1714G4C. Families LMG128 and H most likely do not have a common founder, as we found several differences in linked haplotypes of STR markers and SNPs flanking both sides of the mutation. Although this does not rule out a founder effect completely, the proximity (4 kb) of the closest distinguishing SNP to p.D572N suggests that such a founder would quite likely be very ancient.
One individual from the family carries the linked haplotype but does not have hearing loss. The reduced penetrance is remarkable, as it has not been reported in the other DFNA36 families and the affected family members share a rather uniform phenotype.
The observation that all known DFNA36 mutations affect the same TMC1 nucleotide and codon could be explained in different ways. A first hypothesis is that nucleotide 1714 of TMC1 is a hot spot for mutations that arose independently. 6 This hypothesis is supported by the observation that the affected nucleotide is located within the hypermutable CpG context. 14 A second hypothesis is that both mutations confer a specific gain-of-function or dominant-negative effect. Specific missense mutations at position 572 of the protein cause this effect, leading to dominant inheritance, whereas missense mutations at other positions cause the creation of a function null allele, leading to recessive inheritance. Under both hypotheses, it is clear that amino acid 572 has a critical function in the TMC1 protein.
